This paper presents two approaches to reduce the environmental impact of a milling process based on the optimal product positioning and orientation within the workspace and a method to assess the optimal tool material. For the first issue the focus is the reduction of the needed electrical power to execute a product specific toolpath: this is influenced by the distribution of the acceleration among the machine axes, whose power consumptions could vary due to the axis's inertial mass, in case of a 3 axis toolpath, or the travel path in case of 5 axis tollpath. A procedure and a post processor to find the optimal position and orientation is presented and validated experimentally. The second approach is related to the optimal choice of the tooling material: each tool material has a different wear rate, specific cutting power and need of primary energy to be constructed. A method to find the optimal value is presented for two tool materials.
Introduction
The interest to use a green manufacturing strategy is steadily increasing in manufacturing companies due mainly to two issues: the environmental cost of production is taken into account by an ever increasing number of governments and the world resources are depleting so the material and energy cost are raising. With these boundary conditions is necessary to focus the research efforts in order to create a greener manufacturing strategy that could use less energy and resources: among these machining processes are among the most important processes due to their diffusion and energy use. Also the EU Commission recognized that machine tools play a very important role in the scenario of environmental impact reduction. Their efficiency is so crucial that this type of product has been proposed for inclusion in the product categories regulated by the Ecodesign Directive [1] . Also, the Kyoto Protocol reports on the importance of achieving reductions in energy use through the development of different design features of machine tools by machine tool designers.
Another crucial issue is related to machine tool users: an increase in efficiency could also be obtained by developing more efficient machine tool motions and tool paths.
The problem to evaluate and optimize the environmental impact of a milling machine must be treated with an holistic approach and a plurality of factors must be taken into account, many authors have developed models that focus on different issues. The first contributions to the issue of green machining have been provided by Donnelly et al. [2] and Wienert et al. [3] that proposed a metric to evaluate the environmental impact, Sutherland et al. [4] that studied the effect of lubrication while Rangarajan and Dornfeld [5] focused on different strategies to measure and reduce the energy consumption. The first action that usually is taken in order to reduce the environmental impact is the change in the lubrication system because it is responsible for a large share of environmental impact. This results often in the implementation of MQL or dry lubrication strategies [6] or in the development of alternative processes [7] . The general conclusion is that a green machining must be as dry as possible, compatible with the material that must be cut. Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High Performance Cutting some hard to machine material, such as nickel based alloys, this would be very hard so an intermediate solution would be MQL [8] . This approach is able to mitigate the effect of dry lubrication and have only a reduced increase of the environmental footprint: +8% respect to dry lubrication considering as metric the Global Warming Potential (GWP) [9] . This has a positive effect also on processing cost; it has been estimated a reduction of 7-17% of the total cost when dry lubrication is used [10] . For this reason the tests for this paper have all been carried out using dry machining.
The second contribution to reduce the environmental impact of the process is usually focused on electrical power need reduction. A general milling machine power consumption is characterized by a large share in charge of ancillary systems, that usually consume more than the spindle [11, 12] . However some solutions could be found to reduce the consumption of such systems. First of all Neugebauer et al. [7] shows that the share of ancillary devices and supporting systems on the total energy consumption of the machine tools typically increases when the size of the machine grows. This means that the machine to be used must be well dimensioned for the product to be machined. A larger than needed machine could have a bad effect on the power consumption: an efficient factory of the future will probably be equipped with smaller than actual milling machines. Also the introduction of high accuracy machines with greater complexity and higher mass to be moved has the result to increase the total energy consumption, as presented by the works [13, 14] , that studied both a Mori Seiki three-axis NV1500DCG machine. This trend is also confirmed for five-axis machines, where generally the weight of the structure is heavier than a threeaxis machines due to the presence of additional motors and support systems [15] . On the other hand simpler machines like lathes are more efficient in terms of percentage of power used for the cutting with respect to the power used to support the basic state. The percentage of cutting power in this case becomes 61-69% for a modern CNC lathe [16] .
Regarding the modelling of the effect of process parameters, many authors have developed studies based on different materials and have used different metrics to evaluate the power consumption [17, 18] . To model the machine consumption, different machine states are also introduced sometimes; one example is the definition of the ready state together with the basic and cutting states by Mori et al. [19] , which is useful to introduce a more detailed study of the power consumption of the auxiliary systems during the noncutting condition. This analysis is interesting especially for machine tool manufacturers in order to optimize the machine components and activation strategies. For the fine tuning of the process parameters many authors have developed experiment based models that are able to predict the machine power consumption starting from the process parameters adopted. Authors like [20] and [21] has adopted a Response Surface Approach (RSM) to model the dependency of the power consumption to the process parameters. The RSM has been used to investigate and optimize also different issues such as the choice of cutting fluid parameters [22] and tool life [23] . Some studies include also the tool environmental cost [23] . The tool, or in most of the case the cutting insert only, is a crucial component of the process because it is usually not reusable. Moreover the modern cutting inserts and integral end mill are manufactured using materials that require production processes characterized by an high power demand and by an heavy environmental impact if the material is dispersed in the environment. An example of how costly are the tooling materials is provided by the tungsten, only the extraction of this material is responsible for approximately 12 kWh/kg of raw material [24] . This is a huge amount of energy especially if compared to the production of a high alloyed steel that has a production energy of about 2 kWh/kg. The energy consumption could be expressed in term of environmental impact considering for example the associated CO 2 equivalent emission, including also the sintering process [25] . Developing an approach to include also the tooling in the evaluation of the process environmental impact it will be interesting, especially for high cutting speed and feed processes that are characterized by a fast tool wear rate.
Characterization of the machine axes consumption
The machine tool used for the experimental activity is a high performance five-axis milling machine produced by Mori Seiki, the NMV1500DCG loaned to the authors by MTTRF for research activities. This machine is equipped with an high speed spindle that is able to reach 40,000 rpm and its maximum power at the spindle is 5.5 kW. The working space is limited to 420 mm 210 mm 400 mm respectively in the x, y and z direction and it is characterized by a cinematic that have both rotary axes connected to the table.
The peculiarity of this machine is that the axis inertia and power consumption are not equal in the different directions due to the different mass of the moving parts. For example the movement of z axis involve the vertical octagon only, a movement of the x axis involves the support for the x slider and the vertical octagon while a movement of the y axis involves a slider that support all the others. In order to develop a model for the consumption of the machine the first step has been the experimental characterization of the axes power consumption. These tests have been carried out instrumenting the machine with an high accuracy power meter whose sampling frequency has been set to 10 Hz. The axis have moved at different speed in order to acquire their power consumption during the operations. A typical resulting graph is the one reported in Fig. 1 where it is possible to view both the power need due to the initial axis acceleration and final deceleration, respectively the initial and final peaks of power, and the constant power need due to the friction of the slider and the mechanism efficiency.
Thanks to these tests have been possible to characterize each axis power consumption and to create a model that is characterized by an equivalent mass of the moving part (that take into account all the inertia forces due to the movements) and an equivalent friction coefficient (that take into account the friction of the slider and the efficiency of the whole mechanism involved in the axis movement). The model to assess the total energy expended to perform a plane toolpath is expressed by the following formula (1). Where Mx and My are respectively the equivalent masses of the axes, a x and a y the instantaneous accelerations, μ x and μ y the equivalent friction coefficients and s the length of the toolpath. The parameters of the model obtained by the experimental tests for the linear axes are reported in Table 1 . This "non symmetric" behaviour of the studied machine tool is due to the specific machine architecture but is also a general features of most milling machine due to the positioning of the spindle on at least a couple of moving axes. Only the parallel kinematic machines have a perfectly equal axis behaviour. For a general toolpath is necessary to obtain the instantaneous acceleration along the path. This value has been obtained thanks to a model of the CNC that uses the jerk control strategy in order to maintain the feed as constant as possible along the toolpath. In order to have a functional model is necessary to acquire the maximum acceleration and jerk of each axis. This measurement has been performed acquiring the axis position during linear movements along the axes using an high precision laser interferometer by Renishaw ® and post processing the data using a Matlab ® routine. Such model is useful to estimate the power consumption of each axis in case of any value of acceleration and travelled distance and it has been used for the following workpiece orientation optimization. The model has been validated thanks to simple operations such as linear and circular toolpaths.
Optimal workpiece orientation
In order to calculate the power need of a machine tool to perform a certain operation is necessary to consider many contributions: spindle power, ancillary systems power, axes power. The first contribution is independent from the toolpath orientation because it is mainly due to the material to be machined and the tool engagement (depth of cut and feed per tooth). The second have a dependency to the toolpath selection because different toolpath, as presented by Rangarajan and Dornfeld [5] , are responsible for different machining time. This is especially relevant when the toolpath has rapid accelerations where the feed is limited by the maximum acceleration available for the single axis, such for example a change of direction when machining a square pocket with morphing strategy. This phenomenon is less important when a "fluent" toolpath is programmed to the machine and the acceleration required along the toolpath in order to maintain a constant feed are not greater than the capabilities of the axes. This usually happen in case of sculptured finishing operations. The idea of this paper is to optimize the energy consumption of these operations, for which the toolpath is usually fixed by the surface requirements and changing the product orientation on the worktable do not affect significantly the machining time. The orientation of the workpiece influences the machine power consumption because the axes have different power consumptions, mainly due to the different masses, and the share of acceleration that each axis must sustain change with the toolpath rotation. This optimization is interesting because it do not affect surface quality and, if carried out for finishing toolpaths with fluent profile, do not affect significantly the machining time and the related ancillary system power consumption. To perform such optimization is necessary to compute the acceleration that a milling machine must provide in order to maintain a constant feed and to follow the defined toolpath. This acceleration has a direction that is orthogonal to the toolpath and the power need associated could be computed using (1) . As test case has been chosen a generic 3 axis toolpath that copy the geometry of the International motorbike track of Mugello, where the motoGP usually have at least a race per year. This toolpath has been chosen in order to have a fluent toolpath that could be used as an example of finishing toolpath maintaining an high degree of simplicity. In Fig.2 is reported the toolpath with the acceleration modulus reported using a colormap and the component of the acceleration along the x axis.
Model for 3 axis machining
As stated earlier the machine behavior is not symmetric regarding the x and y axes. The y axis have a greater power consumption for the same acceleration due to a weightier mass to move. Rotating the toolpath is possible to change the components of the acceleration along the axes: an orientation that minimize the acceleration along the y axis and increase the one of the x axis could led to reduction of the global power consumption of the machining process. The advantage of this approach is that it is very simply to be applied and it do not affect the surface quality because the relative movement between the tool and the workpiece remain the same. In case of roughing or spiked profiles the toolpath orientation change could affect the machining time. However in case of finishing operations the machining time is nearly independent from the toolpath orientation because they have usually a smooth and fluent profile in order to obtain a good surface finish.
In case of a 3 axes machining process it is possible to calculate the acceleration along the axes for a general toolpath just defining the toolpath and the feed. From the values of acceleration is possible to calculate the expected power consumption using the proposed model (1) and evaluate how this is influenced by workpiece orientation. An example of the results that could be obtained rotating the product using an axis orthogonal to the toolpath plane and that passes on its center of gravity is reported in Fig.3 . In the figure are reported the experimental results of the Mugello toolpath acquired after rotations with a step of 20°. As could be obtained from the graph the behaviors of x and y axes are symmetric regarding the acceleration direction so it is not necessary to rotate the toolpath of 360° to characterize experimentally the power consumption but a rotation of 180° is enough. The cutting modes used for the tests have been the ones suggested for the finishing operations and for roughing one (respectively R1 and R4 using MAPPS nomenclature). For the studied toolpaths that do not have excessive curvatures the effect of a different cutting mode has a negligible impact on the power consumption. The resulting graph has a lobe geometry that highlights how the toolpath rotation could produce a minimum and a maximum of the axes movement power. The tests have been carried out using different feed and all have been performed with air cutting. The resulting work is relative only to the axes movements, all the other contributions, such as spindle and ancillary systems have not been considered. The time to travel the toolpath is the same in every test and it is equal to 7.6 s. The experimental tests have been compared with the analytical model of the axes power consumption. The test have been carried out at different speed but only at higher feed the reduction of the work assume a relevant entity from the optimization point of view. Due to the increase of the acceleration the energy needed to move the axes become important when the feed is very high, such as in the case of High Speed Cutting (HSC); with traditional cutting parameters the axes acceleration consumption is less relevant. In Table 2 is reported the comparison of the predicted and measured work for high feed cutting, such as with 4000 and 6000 mm/min, reporting the maximum and minimum value. For the analytical approach has been numerically calculated the optimal angle, later tested experimentally. The difference between the predicted and measured energy consumption is around 10% while for the optimal positioning a maximum error of 5° has been observed. In table 2 is reported the difference between the maximum and minimum power need simulated and experimentally acquired. This difference is probably due to the simple friction model adopted, that uses a coefficient that is speed independent. More complex models could be adopted but it is important to notice that from the production point of view the most interesting result it is not the predicted energy saving but the optimal rotation angle of the workpiece on the machine table. 
Model for 5 axis machining
The same optimization could be carried out for 5 axis machining toolpath. Respect to a 3 axis toolpath in this case the position of the workpiece on the machine tool table affects the distance that the axis must travel in order to follow a specific toolpath. In fact to obtain a defined angle between the tool axis and the machined surface the rotary axes of the machine must be activated. When the position of the tool a rotation induces a change of the x, y, and z coordinate of the tooltip and the other axes must react to this movement and adjust their position. As long as the power consumption of a machine tool, as presented in [13] [14] [15] is strongly dependent from the ancillary systems power consumption it could be obtained that the greater contribution to the machining process power consumption is due to the time needed for the machining cycle, this affect a share of the total energy consumption that could arrive to the 75% of the total [21] . A reduction in the travelled path of the axes affects the machining time so it is a driver for the reduction of the total energy. This reduction depends on the geometry of the toolpath and the axes maximum acceleration. In order to study this phenomenon a simple case study has been developed and tested. The test piece is constituted by a square that have a constant tilt angle of 45° and a lead angle of 15° respect to the border of the square, a scheme of the test piece is reported in Fig.4 . In order to obtain the travelled path of the axes during the rotation of the axes near the vertex of the square it is necessary to use two rotation matrices, as the ones reported in equation (2) .
Where X' and X'' are respectively the vector of the tooltip position before and after the change of the rotation angles of the machine; B',B'',C' and C'' are the B and C angles before and after the rotation and x w and o p are respectively the coordinate of the point in the workpiece coordinate system and the coordinate of the intersection of the B and C rotation axes in the machine coordinate system. For the test case has been studied the effect of the positioning on the machine table thanks to simulation and experimental tests. The simulation carried out provide as output the length of axes movement due to the rotation of B and C axes. Testing different position on the table is possible to find the optimal value of the positioning. In this case the best position is the one that place the centre of gravity of the work piece as near as possible to the rotation centre of the machine, defined as the intersection of the rotation axes of both B and C axes. The worst case happen when the product is placed as far as possible from this point. Considering a square with 100 mm side is possible to calculate that the minimum extra movement of the axes due to rotation is 370 mm while the maximum value is 1179 mm. The advantage that it is possible to obtain positioning correctly the workpiece on the table is really consistent and it is related to the power need to travel such extra distance and the time dependent power consumption associated, for example, to the ancillary systems.
Choice of the optimal cutting tool material
The optimal choice of tool material is another feasible strategy for the minimization of the environmental impact of a milling process: it affects both the cutting forces, and so the electrical power needed, and the frequency of tool replacement. The last issue has a strong influence on the environmental burden of the process due to the high energy processes needed to create and recycle the tool material. Here is reported a comparison of a carbide and a HSS tool. The metric used to evaluate the efficiency of the two different solutions has been the CO 2 equivalent needed to cut a unit volume of material, that could be called specific environmental burden, and it is expressed in kg CO 2 /mm 3 . The first step of this analysis is the evaluation of the tool life and the trend of power needed to cut a material along the time. An increase of the cutting forces is expected due to wear of the tool. To evaluate the effect of different materials two tools produced by Dormer have been tested and the cutting forces and tool wear have been measured; the first is a carbide tool (S902, 8 mm diameter) while the second is made with HSCo-XP, a grade of HSS (C110, 8 mm diameter) produced with powder metallurgy technology. The cutting parameters used has been the same for the sake of comparison but it is possible to compare also different cutting conditions. From the cutting force has been obtained the specific energy needed to cut 1 mm 3 of material due only to the cutting process. The specific energy and the flank wear are reported in Fig.5 for the two tools along with the test machining time. The cutting forces and the wear is greater for the HSCo-XP tool respect to the carbide one, for example the tool life is 12 minutes for HSCo-XP and 15 minutes for carbide, considering the end of life when the flank wear reach a value of 0.3mm. To develop a comparison it is necessary to consider that the environmental impact of carbide material is higher than the one for HSS steel. From [24] the carbide has 12 kWh/kg environmental impact while HSS has about 4 kWh/kg, not considering the manufacturing process and the coating. With this data is possible to calculate the specific environmental impact of the two different tooling, as reported in Table 3 . From these results it could be obtained that the carbide tool has a longer life and is characterized by lower cutting forces: this will indicate the carbide as optimal material from a production point of view. However if the environmental impact is taken into account the HSCo-XP shows a better performance. This picture could change if different cutting conditions for the two tool materials are considered.
Conclusions
In this paper different approaches to reduce the environmental impact for a milling process have been presented. Altoughth drastic solutions such as the elimination of lubrication or the introduction of high efficiency spindle could have a more relevant impact on the environmental impact of the process respect to the presented ones, these have the advantage to require no or little investments while more drastic solutions are usually expensive. The different positioning of the workpiece on the table is a zero cost solution that could allow a reduction in the environmental cost of the process. Regarding the choice of tool material it has been showed that the optimal solution from a productivity point of view could be different from the one that minimize the environmental impact, such as the case of the comparison of carbide and an advanced HSS material.
